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The search for topological insulators has been actively promoted in the field of condensed mat-
ter physics for further development in energy-efficient information transmission and processing. In
this context, recent studies have revealed that not only electrons but also bosonic particles such
as magnons can construct edge states carrying nontrivial topological invariants. Here we demon-
strate topological triplon bands in the spin-1/2 two-dimensional dimerized quantum antiferromagnet
Ba2CuSi2O6Cl2, which is closely related to a pseudo-one-dimensional variant of the Su-Schrieffer-
Heeger (SSH) model, through inelastic neutron scattering experiments. The excitation spectrum
exhibits two triplon bands and a clear band gap between them due to a small alternation in inter-
dimer exchange interactions along the a-direction, which is consistent with the crystal structure.
The presence of topologically protected edge states is indicated by a bipartite nature of the lattice.
The discoveries of quantum Hall effects [1] and topolog-
ical insulators [2] have shed light on gapless edge states
that exist between phases with different topological char-
acters [3, 4]. In addition, concepts of edge states have
been extended to other systems, such as ultracold atom
systems in optical lattices [5–7], and even bosonic coun-
terparts such as photonic crystals [8, 9], phonons [10],
and magnons [11–15] in solids. In electron systems, the
topological characters are classified by the total topo-
logical invariant of the occupied bands, which is associ-
ated with quantized conductance [3, 4, 16]. On the other
hand, for insulators, where ground and excited states are
described by bosonic particles such as magnons, ther-
modynamic conductance is dominated by the topological
characters of thermally excited bands [12, 17, 18]. Thus,
it is necessary to reveal the detailed dispersion relations
of excited bands to explore and design insulators with
bosonic topological bands.
From these viewpoints, a dimerized magnet, which has
well-defined bosonic excitations called triplons, is a good
starting point for realizing bosonic topological bands [19–
21]. One of the advantages of studying a dimerized mag-
net is that triplon bands can be easily deformed by ap-
plying a magnetic field or hydrostatic pressure. If the
deformation is so large that a triplet excitation energy
is tuned to zero, quantum phase transitions occur [20–
23], leading to Bose-Einstein condensation [24–30] or a
Wigner crystal of triplons [31–34] induced by a magnetic
field. In addition, recent theoretical works have revealed
that triplon bands in a certain dimerized magnet can
be regarded as topologically insulating [35–37]. For in-
stance, the Sz = +1, 0, and −1 branches of triplons can
be both topologically trivial and non-trivial by control-
ling the magnitude of a magnetic field in SrCu2(BO3)
owing to interdimer Dzyaloshinskii-Moriya interactions
which yield complex hopping amplitudes [35, 38]. This
is supported by detailed calculation on a winding num-
ber and edge states by using exchange parameters de-
termined from inelastic neutron scattering experiments
with a very high accuracy [39].
Ba2CuSi2O6Cl2 crystallizes in a layered structure with
each layer composed of antiferromagnetically coupled
dimers [40]; the structure is closely related to that of
Ba2CoSi2O6Cl2 [34]. Figure 1a illustrates the 2D ex-
change network of Ba2CuSi2O6Cl2. It is slightly differ-
ent from that reported previously (with the space group
Cmce) [40] and is based on the new structure with the
space group Cmc21, which allows an alternation in inter-
dimer exchanges along the a-axis, as we will discuss later.
A pair of nearest-neighbor Cu atoms form antiferromag-
netic dimers almost parallel to the c-axis via exchange
couplings J . These dimers are coupled via interdimer ex-
change couplings Jαij and J
′α
ij with i, j = 1, 2 and α = a, b,
forming a 2D exchange network in the ab plane. In fact,
the magnetic properties of Ba2CuSi2O6Cl2 are well char-
acterized by a spin-1/2 quasi-2D dimer system [40]. Un-
der the assumption of Jp ≡ Jα11 = Jα′11 = Jα22 = Jα′22 and
Jd ≡ Jα12 = Jα′12 = Jα21 = Jα′21 (α = a, b), the exchange con-
stants are estimated as J = 2.42 meV, Jp = 0.03 meV,
Jd = 0.34 meV from the magnetization curve and density
functional theory calculations [40].
The main finding of this study is the gap between two
triplon bands, as shown in Fig. 2. As we discuss later,
this contradicts the previously reported crystal structure
which does not yield two triplon bands or the gap be-
tween them under the crystal symmetry of Cmce. Thus,
we reinvestigated the crystal structure of Ba2CuSi2O6Cl2
through single-crystal XRD experiments. The details of
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2Figure 1. Intradimer and interdimer couplings
in Ba2CuSi2O6Cl2. a. Possible interactions between Cu
atoms. Shaded and open circles indicate two Cu atoms form-
ing antiferromagnetic dimers. b. Effective couplings between
dimers expected from the crystal symmetry Cmc21. Dashed,
dotted, and solid lines represent hopping amplitudes denoted
by JA, JA′, and JB , respectively (see eq. (11) for definition).
the experiment and the refined structure are described
in the Methods section. The difference from the previ-
ously reported structure is the lack of the a-glide, which
leads to the space group Cmc21. Figure 1a illustrates in-
tradimer and interdimer interactions expected from the
crystal symmetry. Although twofold rotation is absent,
because of which two nearest-neighbor Cu atoms become
symmetrically inequivalent, all the intradimer interac-
tions remain identical. On the other hand, the lack
of the glide symmetry enables an alternation of inter-
dimer interactions along the a-axis, while those along
the b-axis remain uniform. Finally, as shown in Fig. 1b,
three different hopping amplitudes can be present: JA,
JA′, and JB , representing 14 (J
a
11 + J
a
22 − Ja12 − Ja21),
1
4 (J
a′
11 + J
a′
22 − Ja′12 − Ja′21), and 14 (Jb11 + Jb22 − Jb12 − Jb21),
respectively.
First, we discuss inelastic neutron scattering intensities
sliced along the H (or K) direction, which are shown as
color contour maps in Fig. 2a–c. Intensity is integrated
over the observed L range to obtain good statistics. At
least two dispersive branches are clearly observed at 2–
3 meV because of mixed domains: they correspond to
the same triplon band which is dispersive along both H
and K directions. In addition, the band exhibits the
minimum energy at (2m, 2n, 0) (m, n: integer), indi-
cating that triplon propagation is in-phase. The three
hopping amplitudes are all negative because of dominant
antiferromagnetic diagonal interactions Jα12, J
α
21, J
a′
12, and
Ja′21, which is consistent with the results of DFT calcula-
tions [40].
The contour maps of inelastic neutron scattering sliced
along the L direction are shown in Fig. 3. Figures 3a and
b represent integrated intensities around (H, K) = (2,
0) (and (0, 2) from different domains) and (1, -1) (and
(-1, 1)), respectively. The excitations along L is disper-
sionless, irrespective of H and K, indicating good two-
dimensionality in the exchange network. In addition, in-
tegrated intensities are modulated along L, as should be
the case with antiferromagnetically coupled dimers along
the c-axis [28]. Figures 3c and d show integrated inten-
sities from Fig. 3a and c, respectively. The intensities
of dimer antiferromagnets are often characterized by a
dimer structure factor I(Q,ω) ∼ |f(Q)|2(1−cos(Q·rd)),
where f(Q) and rd indicate a form factor of Cu
2+ and
a vector representing intradimer separation, respectively.
Precisely speaking, the structure factor should be cor-
rected if a few dimers with different orientations are
present in a unit cell. In Ba2CuSi2O6Cl2, there are four
types of dimers with slightly different orientations. How-
ever, since their canting angle of 0.9◦ from the c-axis is
very small, we approximate that all the four dimers are
aligned along the c-axis. As shown in Fig. 3c, the fit to
this equation yields an rd of 0.150(1)c, which is consis-
tent with 0.148(1)c obtained from the crystal structure.
The modulation along L does not depend on H and K,
indicating that the whole intensities are from the equiv-
alent dimer (Fig. 3d).
What is not expected for a simple dimer antiferro-
magnet is the decrease in intensity observed at 2.6 meV
(Fig. 2 and Fig. 3b), which is almost independent of the
scattering wave vector. Note that the intensity decrease
at a certain energy is not due to an extrinsic effect, be-
cause it is unchanged under different conditions (different
Ei and temperature, see Extended Fig. 4). The detailed
Q dependence of the triplon bands are shown in Fig. 2f,
which represents Q slices of Fig. 2a as functions of E.
At small H and K, two peaks in H and K directions
are overlapped with each other. At 0.68 r.l.u., they sep-
arate into two. The right peak at 2.52 meV decreases
and disappears above 0.80 r.l.u., while the left peak be-
comes more prominent with increasing H and K. Above
0.68 r.l.u., the new peak grows at 2.68 meV.
The coexistence of three modes at the same slice
strongly indicates the presence of two triplon bands,
which is not allowed when interdimer interactions along
both a- and b-axes are uniform. Let us start from the uni-
form case and then introduce the alternation to explain
this phenomenon. Note that triplon bands are degenerate
since the crystallographic unit cell includes eight dimers,
which are connected by a mirror symmetry with respect
to the bc-plane, centering symmetry, and twofold screw
symmetry along the c-axis. For a simplicity, we do not
count the fourfold degeneracy caused by the latter two
symmetries and instead focus on two dimers in a prim-
itive unit cell with a single layer, as shown in Fig. 1b.
In the former case, only one continuous triplon band is
3Figure 2. Excitation spectra along H or K directions. a. Energy-momentum maps of the scattering intensities along
the (H, 0) direction (shown above) compared with the dispersion relations of eq. (3) (below). Intensity is integrated for the K
range shown in the figure (∆K = ±0.10) and the entire observed L range. The branch along the (0, K) direction is observed
as well as that along the (H, 0) direction because of crystallographic domains. b, c. The same maps along (H, -1/2) and (H,
-1) directions and the corresponding dispersion relations. The same color scale is used for all the maps. The presented data
are collected at 0.3 K with an Ei of 5.92 meV. Thick solid and thin dashed curves indicate triplon bands with a large and
small structure factor, respectively. d, e Expected triplon bands without and with an alternation in interdimer interactions
along the (H, 0) and (0, K) directions. Arrows indicate a crossing point of two triplon bands when the alternation is absent.
f. Intensity plotted as a function of E at selected reciprocal space points (H, 0) and (0, K) in Fig. 2a.
detectable, and the structure factor of the other is almost
0. The dispersion branches with strong and weak scatter-
ing intensities along the (H, 0) and (0, K) directions are
depicted as solid and dashed curves in Fig. 2d, respec-
tively. The high-energy band is not observable, because
of a very small structure factor caused by two dimers
aligned to almost the same direction. In other words, the
dimer orientations are so close to each other that triplet
excitations cannot be distinguished from those expected
from a hypothetical unit cell including one dimer. The
presence of a triplon band with very weak intensities was
also reported in TlCuCl3 [26].
When the alternation along the a-direction is intro-
duced, a band inversion between the low- and high- en-
ergy bands induces a gap between them, as shown in
Fig. 2e. If the alternation is very small, the structure
factor becomes very close to that represented in Fig. 2d.
Thus, the intensities of the low- and high- energy bands
greatly vary around a crossing point of 0.74 r.l.u., in-
dicated by arrows in Figs. 2d and e; the intensities of
the high-energy band significantly increases above the
crossing point, while those of the low-energy band be-
come undetectable. Even at different H and K, the
band crossing occurs at the same energy, J , since the
two dimers are symmetrically equivalent. Consequently,
the wavevector-independent gap centered at J appears
between two triplon bands, as we have discussed. Note
that the alternation is only allowed along the a-axis ow-
ing to the symmetry. This enables the indexing of all the
excitations, as denoted in Fig. 2a–c.
Next, we derive an analytical form of the dispersion
relation to determine the exchange constants and then
discuss a topological character of the gap between the
two triplon bands. For this purpose, a bond-operator ap-
proach [41] is applied to the 2D dimer model represented
in Fig. 1a. Creation operators s†mn representing a sin-
glet state and t†xmn, t
†
ymn, and t
†
zmn representing triplet
states are introduced, where m and n are labels used to
distinguish dimers, and 1 and 2 indicate two Cu atoms
in a single dimer. Then the Hamiltonian can be reduced
to interacting hard-core bosons characterized by hopping
amplitudes JA, JA′, and JB , as depicted in Fig. 1b. The
4Figure 3. Excitation spectra along L directions. a, b.
Color contour maps of scattering intensities along the L di-
rection. Integrated H and K ranges are shown in the figures.
c, d Integrated intensity plotted against L together with a fit
using the dimer structure factor represented by a solid black
curve. Red circles in Fig. 3b are obtained by integrating the
intensities shown in Fig. 3a between 1.66 and 2.06 meV. Red
circles and blue squares in Fig. 3d correspond to integrated
intensities between 2.22 and 2.58 meV and between 2.62 and
2.98 meV from Fig. 3c, respectively. The intensity of the
higher branch is shifted upward for clarity.
detailed calculations are described in the Methods sec-
tion. A k-dependent form of a Hamiltonian is obtained
by Fourier transformation as
H ∼ 1
2
∑
k
∑
α
T †MkT , (1)
where
T =

t1αk
t2αk
t†,1α(−k)
t†,2α(−k)
 ,Mk =

J Λk 0 Λk
Λ∗k J Λ
∗
k 0
0 Λk J Λk
Λ∗k 0 Λ
∗
k J
 , (2)
and Λk = J
Ae−ikxa/2 + JA′eikxa/2 + JB
(
e−ikyb/2 +
eikyb/2
)
. The superscripts on each operator denote the
two sublattices in the primitive unit cell. Quadratic
terms from α = x, y, z are block-diagonalized into the
same matrix, Mk, reflecting that each band is triply
degenerate owing to a rotation symmetry. Dispersion
relations are obtained by applying Bogoliubov trans-
formation: by diagonalizing the matrix ΣMk (Σ =
diag(1, 1,−1,−1)), dispersion relations are obtained as
E±,k =
√
J2 ± 2J |Λk|2. (3)
The observed triplon bands are well reproduced by
the dispersion relation given by eq. (3). The two bands
with a large and small structure factor are represented by
thick solid and thin dashed curves in Fig. 2a–c, respec-
tively. The parameters J , JA, JA′, and JB are selected
Figure 4. Schematic view of expected pseudomag-
netic field and edge states. a. Distribution of a pseudo-
magnetic field induced on the triplon bands. Each solid curve
represents a pseudomagnetic field with a fixed ky. b. Energy
spectrum along the K direction. The calculation is based
on the model presented in Fig. 1b, in which open boundary
conditions with 100 sites (for each sublattice) are imposed
along the a direction while periodic boundary conditions are
set along the b direction. Half of the all modes are shown,
and edge states are stressed by a red line for clarity. c. The
interdimer network in Ba2CuSi2O6Cl2 shown as SSH chains
coupled by interchain hoppings. The same symbols and lines
as those in Fig. 1 are used. An ellipsoid and a dashed rectangle
represent a pair of dimers with a larger hopping amplitudes
and a single coupled SSH chain, respectively.
as 2.61, −0.24, −0.16, and −0.13 meV, respectively, be-
cause these values best reproduce the observed disper-
sions. The simulated dispersion curves perfectly agree
with the observed bands. This model is also supported
by the energy slice presented in Extended Fig. 3. These
parameters are also consistent with J = 2.4 meV and
|Jp − Jd| (equal to |JA + JA′ + 2JB |/2) = 0.30 meV es-
timated from the magnetization curve [40].
Interestingly, the gap between two triplet bands is
topologically nontrivial. This can be easily understood
by neglecting pair creation and annihilation terms in
eq. (1), which do not alter topological properties as we
5discuss later. Equation (1) is now reduced to a simple
form:
H ∼
∑
k
(
t†,1+,kt
†,2
+,k
)
M′k
(
t1+,k
t2+,k
)
, (4)
with a 2 × 2 matrix
M′k =
(
J Λk
Λ∗k J
)
= J1 + d · σ, (5)
where d and σ represent a pseudomagnetic field, d =
(ReΛk,−ImΛk, 0) and a Pauli matrix, respectively. The
matrix leads to the eigenenergy Ek = J ±|d| = J ±|Λk|.
Thus, an energy gap exists between the two modes
if |Λk| > 0 holds for all k; JA 6= JA′ and |JA +
JA′|/2 > |JB |.
The matrix M′k represents a quasi-one-dimensional
(quasi-1D) extension of the Su-Schrieffer-Heeger (SSH)
model [42, 43]. The SSH model describes electron mo-
tions in a 1D lattice with alternating hopping ampli-
tudes and well demonstrates a topological distinction
between nontrivial and trivial phases with respect to
the number of edge states. Even for bosonic systems
such as triplons, the same topological distinction can
be made between excited modes if an energy gap ex-
ists between them. The hopping amplitudes of triplons
in Ba2CuSi2O6Cl2 are alternated along the a-direction
but uniform along the b-direction, as shown in Fig. 1b.
Thus, the interdimer network in Ba2CuSi2O6Cl2 can be
regarded as SSH chains coupled by interchain hoppings.
Under |JA + JA′|/2 > |JB |, the variation of ky only
causes a small shift of d along dx, keeping the winding
number unchanged. Thus, the winding number can be
defined for a fixed ky, as that defined for the 1D-system.
It should be noted that the alternating sequence of in-
trachain hopping amplitudes is opposite between nearest-
neighbor SSH chains. The alternation yields two nontriv-
ial gapped phases with changing intrachain hopping am-
plitudes [44], while the SSH chain yields one trivial and
one nontrivial phases [42, 43]. The winding number is
evaluated by projecting a pseudomagnetic field d on dx-
dy space. Figure 4a depicts d with exchange parameters
set to those determined from the present experiment. For
a fixed ky, d represents a single ellipsis, as well as that
of the SSH chain. The winding number can be defined
as the number with which d surrounds the origin coun-
terclockwise or clockwise; N = ±1 for the present case.
The two phases with the opposite winding number are
separated by a phase boundary at JA = JA′, where the
gap is closed. The winding number cannot be changed
without closing the gap, because of a chiral symmetry
(dz = 0).
The above discussion indicates that edge states pro-
tected by a chiral symmetry exist in the triplon band
gap observed in Ba2CuSi2O6Cl2 as well as the SSH
model. The symmetry-protected edge states cannot be
removed by pair creation and annihilation terms, which
can be confirmed by deriving the Berry connection. A
Bogoliubov-de Gennes form of the two-sublattice triplon-
band Hamiltonian is generalized into a 4×4 matrix as
follows:
M(4)k =
(
J1 + d · σ d · σ
d · σ J1 + d · σ
)
, (6)
where d = (dx, dy, dz) is a three-component real vector
that is a function of k. Irrespective of which gauge is se-
lected, the real part of the Berry connection corresponds
to that derived from a 2×2 matrix,M(2)k = J1+d·σ, im-
plying that topological properties are the same for both
Hamiltonians, M(4)k and M(2)k (see the Methods section
for a detailed derivation). This indicates that edge states
are protected by the equivalence between the two sublat-
tices, which corresponds to the chiral symmetry if pair
creation and annihilation terms are absent.
The presence of edge states is also confirmed by calcu-
lating the energy spectrum with a finite length of chains.
As shown in Fig. 4b, the twofold-degenerate edge states
appear at the energy J in addition to the bulk bands with
dispersion relations described by eq. (3). The flat disper-
sion reflects triplon densities localized at the edge: the al-
ternation of hopping amplitudes induces one ”unpaired”
triplon at each edge, as illustrated in Fig. 4c. The wind-
ing number can be reversed by placing the ”unpaired”
triplon on the other sublattice, which can be realized by
reversing the magnitudes of JA and JA′.
It should be noted that the edge states in the present
model are induced by a bipartite nature, and edge states
from the Sz = 1, 0 and −1 branches of triplet excitations
are degenerate in the present model. This is in contrast
with the model based on SrCu2(BO3)2 with both inter-
dimer Dzyaloshinskii-Moriya interactions and a magnetic
field [35, 37]. The experimental detection of edge states
in the triplon band gap is a future task.
In summary, triplet excitations in the dimerized quan-
tum magnet Ba2CuSi2O6Cl2 were investigated via inelas-
tic neutron scattering experiments. Two modes of triplet
excitations were detected together with a clear energy
gap, which is induced by alternation of the interdimer
interactions along the a-axis. The whole dispersion re-
lations are well reproduced with the three hopping con-
stants JA, JA′, and JB . The correspondence between the
interdimer network of Ba2CuSi2O6Cl2 and a quasi-1D ex-
tension of the coupled SSH model indicates topological
protected edge states in the triplon band gap.
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8METHODS
Sample preparation Single crystals of
Ba2CuSi2O6Cl2 were synthesized according to the
procedure described in Ref. [40]. To synthesize sin-
gle crystals of Ba2CuSi2O6Cl2, we first prepared
Ba2CuTeO6 powder through a solid-state reaction. A
mixture of Ba2CuTeO6 and BaCl2 in a molar ratio of
1 : 10 was vacuum-sealed in a quartz tube, which acts
as a SiO2 source. The temperature at the center of the
horizontal tube furnace was lowered from 1100◦C to
800◦C over 10 days. Plate-shaped blue single crystals
with a maximum size of 10× 10× 1.5 mm3 were ob-
tained. The wide plane of the crystals was confirmed to
be the crystallographic ab plane by X-ray diffraction.
The quartz tube frequently exploded during cooling to
room temperature after the crystallization process from
1100◦C to 850◦C. To avoid hazardous conditions and
damage to the furnace, a cylindrical nichrome protector
was inserted in the furnace core tube.
Single-crystal x-ray diffraction experiments Be-
cause the band gap of triplet excitations observed in
Ba2CuSi2O6Cl2 cannot be described by the exchange
model based on the original crystal structure [40], we
reexamined the crystal structure at room temperature
by using a RIGAKU R-AXIS RAPID three-circle X-ray
diffractometer equipped with an imaging plate area de-
tector. Monochromatic Mo-Kα radiation with a wave-
length of λ= 0.71075 A˚ was used as the X-ray source.
Data integration and global-cell refinements were per-
formed using data in the range of 3.119◦<θ< 30.508◦,
and absorption correction based on face indexing and
integration on a Gaussian grid was also performed.
The total number of reflections observed was 73781,
among which 5947 reflections were found to be inde-
pendent and 5096 reflections were determined to sat-
isfy the criterion I > 2σ(I). Structural parameters were
refined by the full-matrix least-squares method using
SHELXL-97 software. The final R indices obtained for
I > 2σ(I) were R= 0.0376 and wR= 0.0803. The crys-
tal data are listed in Extended Table 1. The struc-
ture of Ba2CuSi2O6Cl2 is orthorhombic Cmc21 with
cell dimensions of a= 13.9064(3) A˚, b= 13.8566(3) A˚,
c= 19.5767(4) A˚, and Z = 16. Its atomic coordinates and
equivalent isotropic displacement parameters are shown
in Extended Table 2.
Extended Figure 1 shows the redetermined crystal
structure of Ba2CuSi2O6Cl2. The structure is closely re-
lated to that of Ba2CoSi2O6Cl2 [34]. The crystal struc-
ture has a CuO4Cl pyramid feature with a Cl
− ion on an
apex. The CuO4Cl pyramids are linked via SiO4 tetra-
hedra in the ab plane. Magnetic spin-1/2 Cu2+ is located
at the center of the base composed of O2−, which is par-
allel to the ab plane. Two neighboring CuO4Cl pyramids
along the c axis are placed with their bases facing each
other. The CuO4Cl pyramids are linked via SiO4 tetra-
hedra in the ab plane. The atomic linkage in the ab plane
is approximately the same as that of BaCuSi2O6 [28, 45].
It is natural to assume from the crystal structure
that two Cu2+ spins located on the bases of neighbor-
ing CuO4Cl pyramids along the c axis form an antifer-
romagnetic dimer, and the dimers are coupled by weak
exchange interactions in the ab plane. In fact, the pre-
sented excitation spectrum supports this model. The ex-
change network of Ba2CuSi2O6Cl2 is illustrated in Ex-
tended Fig. 1c. In the original crystal structure reported
in Ref. [40], there is no alternation of the interdimer inter-
actions along the a and b axes, while in the redetermined
structure the interdimer interactions are alternate along
the a axis. It is also close to a 2D exchange network
in BaCuSi2O6 [28, 30]. However, it should be empha-
sized that all the dimers are symmetrically equivalent in
Ba2CuSi2O6Cl2, while three inequivalent dimers are re-
solved in BaCuSi2O6 owing to a structural transition [46].
Inelastic neutron scattering experiments To
explore the 2D nature of triplon excitations in
Ba2CuSi2O6Cl2, its magnetic excitations were investi-
gated using the cold-neutron disk chopper spectrometer
AMATERAS installed in the Materials and Life Science
Experimental Facility at J-PARC, Japan [47]. As shown
in Extended Figure 2, twenty pieces of single crystals
were coaligned on a rectangular Al plate so that an a∗-
or b∗- direction for every crystal coincided with the edge
directions of the Al plate. The Al plate was fixed in a
vertical direction to set the a∗- and c∗-axes or b∗- and
c∗-axes in the horizontal plane. Note that a∗- and b∗-
axes cannot be distinguished with each other because of
crystallographic domains. Thus, both a∗- and b∗- com-
ponents of a scattering vector are converted to a recip-
rocal lattice unit by the average of a and b-axis lengths,
which is 13.88 A˚. The mixed domains do not matter in
our analysis, because a- and b-axis lengths are almost the
same, and triplet bands along a∗ and b∗ directions can be
easily distinguished with each other, as described in the
main text. Incident neutron energies were set to Ei =
(23.65, 5.924) meV and (7.732, 3.135) meV by using rep-
etition multiplication [48]. The coaligned crystals were
rotated between a direction that forms a bond angle of
−35◦ and 55◦ with respect to the c∗-axis for Ei = (23.65,
5.924) meV, while incident neutrons were kept parallel to
the c∗-axis for Ei = (7.732, 3.135) meV. The sample was
cooled down to 0.3 and 2.5 K by using a 3He refrigerator.
All the data collected were analyzed using the software
suite UTSUSEMI [49].
The model presented in the main text is also supported
by the energy slice presented in Extended Fig. 3. The
dashed curves in the figure indicate the region where
triplon bands cross with a constant energy; an energy
width of ∆E = ± 0.10 is taken into account from the
energy window and energy resolution. They well de-
scribe the area where finite intensities are observed. Even
9Extended Figure 1. a,b. Crystal structure of
Ba2CuSi2O6Cl2 viewed along (a) the b-axis and (b) the c-
axes. Dashed lines indicate a unit cell. c. 2D model of the
exchange network. Thick solid lines represent the intradimer
exchange interaction J . Thin solid, dashed, and dotted lines
represent the interdimer exchange interactions, which are al-
ternating along the a axis.
around the gap energy, 2.60±0.06 meV, weak intensities
are detected because of the narrow band gap.
Note that the decrease of the intensity centered at
2.6 meV is not an extrinsic effect. This is confirmed by
the data measured at different Ei values. Extended Fig-
ure 4 shows a color contour map measured at 2.5 K with
an Ei of 3.14 meV. The same dispersion relations as those
measured with an Ei of 5.9 meV are obtained, indicating
that the gap between two triplons bands is intrinsic.
Extended Table 1. Crystal data for Ba2CuSi2O6Cl2.
Chemical formula Ba2CuSi2O6Cl2
Space group Cmc21
a (A˚) 13.9064(3)
b (A˚) 13.8566(3)
c (A˚) 19.5767(4)
V (A˚
3
) 3772.34(14)
Z 16
R; wR 0.0376; 0.0803
Derivation of dispersion relations In this section,
we start from the model described in Fig. 1a and derive
the dispersion relations of triplet excitations. The spin
Extended Table 2. Fractional atomic coordinates (× 104)
and equivalent isotropic displacement parameters (A˚
2× 103)
for Ba2CuSi2O6Cl2.
Atom x y z Ueq
Ba(1) 5000 6058(1) 3535(1) 16(1)
Ba(2) 5000 1445(1) 3547(1) 16(1)
Ba(3) 7283(1) 3787(1) 6398(1) 14(1)
Ba(4) 7715(1) 3684(1) 3587(1) 15(1)
Ba(5) 5000 1005(1) 6436(1) 16(1)
Ba(6) 5000 6383(1) 6459(1) 15(1)
Cu(1) 7496(1) 6219(1) 4252(2) 13(1)
Cu(2) 7494(1) 1250(1) 5736(1) 6(1)
Si(1) 6109(2) 2610(2) 5010(2) 9(1)
Si(2) 6112(2) 4864(2) 4973(2) 8(1)
Si(3) 8889(2) 4854(2) 4978(2) 8(1)
Si(4) 8891(2) 2600(2) 5021(2) 8(1)
O(1) 5000 2433(6) 4761(5) 12(2)
O(2) 6747(5) 2389(5) 4343(4) 13(1)
O(3) 6311(4) 2025(4) 5703(4) 11(1)
O(4) 6241(5) 3746(3) 5219(4) 13(2)
O(5) 6746(5) 5045(5) 4296(4) 13(1)
O(6) 5000 5029(6) 4731(5) 11(2)
O(7) 6323(5) 5495(4) 5650(4) 11(1)
O(8) 8678(5) 5448(5) 4285(4) 16(2)
O(9) 10000 5035(7) 5217(5) 15(2)
O(10) 8264(5) 5073(5) 5649(4) 13(1)
O(11) 8764(5) 3724(4) 4767(4) 15(2)
O(12) 10000 2445(6) 5273(5) 14(2)
O(13) 8692(5) 1975(4) 4346(4) 14(1)
O(14) 8252(5) 2433(5) 5694(4) 14(1)
Cl(1) 7460(4) 6440(4) 2943(3) 50(1)
Cl(2) 5000 6015(4) 1893(3) 35(1)
Cl(3) 5000 1260(3) 1908(5) 65(3)
Cl(4) 5000 1370(5) 8056(4) 51(2)
Cl(5) 7493(3) 1052(4) 7054(3) 48(1)
Cl(6) 5000 6294(3) 8089(4) 59(2)
Hamiltonian is given by
H = H0 +H′,
H0 = J
∑
m
∑
n
Smn1 · Smn2,
H′ =
∑
m+n=even
∑
〈i,j〉
(
JaijSmni · S(m+1)nj
+ Ja′ijS(m−1)ni · Smnj
+ JbijSmni · Sm(n+1)j + JbijSm(n−1)i · Smnj
)
,
(7)
where H0 represents intradimer exchange terms from J
and H′ represents interdimer exchange terms from Jξij
and Jξ′ij (ξ = a, b). Smni is defined as the i-th Cu atom
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Extended Figure 2. Ba2CuSi2O6Cl2 crystals co-aligned on
an aluminum plate.
Extended Figure 3. Color contour maps of scattering
intensities sliced with a constant energy of (a) 2.48,
(b) 2.60, and (c) 2.72 meV. Intensity is integrated for
∆E = ±0.06 meV and all measured L values. White solid
curves indicate boundaries between zero and nonzero intensity
regions expected from the dispersion relation.
of the (m, n)-th dimer pair (see Fig. 1a in the main text).
Dimers on the two different sublattices are distinguished
by m and n: m+ n becomes even for one sublattice and
odd for the other. For each dimer pair (m,n), a spin
operator Smn, Tmn can be defined as
Smn ≡ Smn1 + Smn2, Tmn ≡ Smn1 − Smn2. (8)
Extended Figure 4. Color contour maps of the scattering
intensities sliced along the (H, 0) and (0, K) direction. In-
tensity is integrated along both K with a thickness of ∆K
= ±0.06 and all collected L values. The presented data are
collected at 2.5 K with an Ei of 3.14 meV.
Thus, H0 is rewritten as
H0 = J
2
∑
m+n=even
(
S2mn + S
2
(m+1)n − 3
)
, (9)
since S2mn1 = S
2
mn2 = 3/4. In addition, H′ can be pro-
jected in a subspace constructed by the basis of H0 as
H′ = H′tt +H′ss,
H′tt =
∑
m+n=even
(
JATmn · T(m+1)n
+ JA′T(m−1)n · Tmn
+ JBTmn · Tm(n+1) + JBTm(n−1) · Tmn
)
,
H′ss =
∑
m+n=even
(
JAs Smn · S(m+1)n
+ JA′s S(m−1)n · Smn
+ JBs Smn · Sm(n+1) + JBs Sm(n−1) · Smn
)
,
(10)
where
JA =
1
4
(Ja11 − Ja12 − Ja21 + Ja22),
JA′ =
1
4
(Ja′11 − Ja′12 − Ja′21 + Ja′22),
JB =
1
4
(Jb11 − Jb12 − Jb21 + Jb22),
JAs =
1
4
(Ja11 + J
a
12 + J
a
21 + J
a
22),
JA′s =
1
4
(Ja′11 + J
a′
12 + J
a′
21 + J
a′
22),
JBs =
1
4
(Jb11 + J
b
12 + J
b
21 + J
b
22).
(11)
Dispersion relations are obtained by applying a bond-
operator approach [22, 23, 41] to eqs. (9) and (10). Sin-
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glet and triplet creation operators are defined as
s†mn|0〉 =
1√
2
(| ↑〉mn1| ↓〉mn2 − | ↓〉mn1| ↑〉mn2),
t†xmn|0〉 = −
1√
2
(| ↑〉mn1| ↑〉mn2
− | ↓〉mn1| ↓〉mn2),
t†ymn|0〉 =
i√
2
(| ↑〉mn1| ↑〉mn2 + | ↓〉mn1| ↓〉mn2),
t†zmn|0〉 =
1√
2
(| ↑〉mn1| ↓〉mn2 + | ↓〉mn1| ↑〉mn2),
(12)
so that they follow bosonic commutation relations. In
this definition, the number of bosons per dimer is con-
strained to 1 as
s†mnsmn +
∑
α=x,y,z
t†αmntαmn = 1. (13)
Then, the squared operator S2mn and α component
(α = x, y, z) of Smn and Tmn are given as
S2mn =
∑
α=x,y,z
t†αmntαmn,
Sαmn = −i
∑
β,γ=x,y,z
αβγt
†
βmntγmn,
Tαmn = s
†
mntαmn + t
†
αmnsmn,
(14)
where αβγ represents an antisymmetric tensor. At zero
field, the ground state is a product of the singlet at each
dimer, and thus, the triplon density is zero. Thus, a
mean-field approximation that neglects the dynamics of
singlet operators should be applicable. By replacing cre-
ation and annihilation operators by its expectation value,
〈s†mn〉 ∼ 〈smn〉 ∼ 1, and neglecting high-order terms,
eqs. (9) and (10) become
H0 = J
∑
m+n=even
( ∑
α=x,y,z
t†αmntαmn −
3
4
)
,
H′ ∼
∑
m+n=even
∑
α=x,y,z
[
JA
{
t†αmntα(m+1)n
+ t†αmnt
†
α(m+1)n + (h.c.)
}
(15)
+ JA′
{
t†α(m−1)ntαmn + t
†
α(m−1)nt
†
αmn + (h.c.)
}
+ JB
{
t†αmntαm(n+1) + t
†
αmnt
†
αm(n+1) + (h.c.)
}
+ JB
{
t†αm(n−1)tαmn + t
†
αm(n−1)t
†
αmn + (h.c.)
}]
.
A k-dependent form is obtained by Fourier transfor-
mation defined at each sublattice as
t†αmn =
√
2
N
∑
k
eik·rmnt†,1αk,
tαmn =
√
2
N
∑
k
e−ik·rmnt1αk,
(16)
for m+ n = even and
t†αmn =
√
2
N
∑
k
eik·rmnt†,2αk,
tαmn =
√
2
N
∑
k
e−ik·rmnt2αk,
(17)
form+n = odd, whereN describes the number of dimers.
This procedure leads to the following quadratic form:
H0 = J
∑
k
( ∑
α=x,y,z
t†αktαk −
3
4
)
,
H′ =
∑
k
∑
α=x,y,z
Λk
{
t†,1αkt
2
αk + t
†,1
αkt
†,2
αk + (h.c.)
}
,
(18)
where
Λk = J
Ae−ikxa/2 + JA′eikxa/2
+ JB
(
e−ikyb/2 + eikyb/2
)
.
(19)
Eq. (18) can be described using a 4 × 4 matrix as
H = H0 +H′ = 1
2
∑
k
∑
α=x,y,z
Hα − 3
4
NJ,
Hα =
(
t†,1αkt
†,2
α(−k)t
1
αkt
2
α(−k)
)
Mk

t1αk
t2αk
t†,1α(−k)
t†,2α(−k)
 ,
(20)
which is the same as eq. (1) in the main text (except for
the omitted constant term), where
Mk =

J Λk 0 Λk
Λ∗k J Λ
∗
k 0
0 Λk J Λk
Λ∗k 0 Λ
∗
k J
 . (21)
The dispersion relation can be obtained by Bogoliubov
transformation, which is equivalent to a procedure deter-
mining a paraunitary matrix Tk that satisfies
T †kMkTk =

E+,k 0 0 0
0 E−,k 0 0
0 0 E+,−k 0
0 0 0 E−,−k
 . (22)
Owing to orthogonality and completeness of the
new basis, T †kΣTk = TkΣT
†
k = Σ, where
Σ ≡ diag(1, 1,−1,−1). Therefore, eq. (22) is equiva-
lent to the relation
ΣMkTk = TkΣ

E+,k 0 0 0
0 E−,k 0 0
0 0 E+,−k 0
0 0 0 E−,−k
 . (23)
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Thus, eigenenergies E+,k, E−,k,−E+,k, and −E−,k are
obtained by diagonalizing ΣMk, leading to the disper-
sion relation given by eq. (3) in the main text.
Calculation of Berry connection In this section,
we start by determining Tk and then derive the Berry
connection of each subband from the Hamiltonian M(4)k
(eq. (6)). By diagonalizing ΣM(4)k , eigenvectors for each
eigenenergy are determined as
E = E+,k ≡
√
J2 + 2J |d| :
t++,k =
1
∆+k

Ak(|d|+ dz)
Ak(dx + idy)
Bk(|d|+ dz)
Bk(dx + idy)
 ,
E = E−,k ≡
√
J2 − 2J |d| :
t+−,k =
1
∆−k

Ck(−dx + idy)
Ck(|d|+ dz)
Dk(−dx + idy)
Dk(|d|+ dz)
 ,
E = − E−,−k = −
√
J2 − 2J |d| :
t−+,−k =
1
∆−k

Dk(−dx + idy)
Dk(|d|+ dz)
Ck(−dx + idy)
Ck(|d|+ dz)
 ,
E = − E+,−k = −
√
J2 + 2J |d| :
t−−,−k =
1
∆+k

Bk(|d|+ dz)
Bk(dx + idy)
Ak(|d|+ dz)
Ak(dx + idy)
 ,
(24)
where
Ak = J +
√
J2 + 2J |d|,
Bk = J −
√
J2 + 2J |d|,
Ck = J +
√
J2 − 2J |d|,
Dk = J −
√
J2 − 2J |d|,
∆+2k = 2(A
2
k −B2k)|d|(|d|+ dz)
= 8|d|(|d|+ dz)J
√
J2 + 2J |d|,
∆−2k = 2(C
2
k −D2k)|d|(|d|+ dz)
= 8|d|(|d|+ dz)J
√
J2 − 2J |d|.
(25)
Thus, a paraunitary matrix can be constructed as
Tk = (t++,k, t+−,k, t−+,−k, t−−,−k). Note that this
definition is not valid and a different gauge should be
selected for d = (0, 0,−d)(d > 0) . The following discus-
sion can be also applied to eigenvectors with a different
gauge.
The Berry connection can be defined by the following
equation [13, 18],
Ajµ,k = − iTr
[
ΓjΣT
†
kΣ
∂Tk
∂kµ
]
, (26)
where Γj is a diagonal matrix, the j-th diagonal compo-
nent of which is 1 while others are zero, and µ = x, y.
From eq. (26), the Berry connection of each subband for
µ = x can also be rewritten as
A++,k = − it†++,kΣ
∂t++,k
∂kx
,
A+−,k = − it†+−,kΣ
∂t+−,k
∂kx
,
A−+,k = it
†
−+,−kΣ
∂t−+,−k
∂kx
,
A−−,k = it
†
−−,−kΣ
∂t−−,−k
∂kx
.
(27)
Substituting eqs. (24) for eqs. (27) leads to
A++,k =
1
2|d|(|d|+ dz)
(
dx
∂dy
∂kx
− dy ∂dx
∂kx
)
+ · · · ,
A+−,k = − 1
2|d|(|d|+ dz)
(
dx
∂dy
∂kx
− dy ∂dx
∂kx
)
+ · · · ,
A−+,k = A+−,k, A−−,k = A++,k. (28)
The first real term corresponds to the phase change of the
eigenvector along the Brillouin zone, while the remaining
of imaginary terms omitted in eq. (28) are due to band
deformation. For a one-dimensional system, the total
phase change across the Brillouin zone corresponds to
the Zak phase [50]:
γj = −
∫
BZ
Aj,k = −
∫
BZ
ReAj,k. (29)
Under dz = 0, d can be represented by
(|d| cos θ,−|d| sin θ, 0), leading to
Re(A++,k) = − 1
2
∂θ
∂kx
,
γ++ = −
∫
BZ
A++,k = npi,
γ++ = −γ+− = −γ−+ = γ−−,
(30)
where the integer n represents the winding number. The
exactly same form can be derived fromM(2)k = J1+d ·σ
for an arbitrary gauge, indicating that topological prop-
erties are unchanged even if pair creation and annihila-
tion terms are present.
For triplon bands in Ba2CuSi2O6Cl2, the Berry con-
nection can be obtained from d = (ReΛk, −ImΛk, 0)
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as
A++,k = − i
2
Λk
|Λk|
∂
∂kx
(
Λ∗k
|Λk|
)
+ i
{
2Bk
∆+k
∂
∂kx
(
Bk
∆+k
)
− 2Ak
∆+k
∂
∂kx
(
Ak
∆+k
)}
,
A+−,k = − i
2
Λ∗k
|Λk|
∂
∂kx
(
Λk
|Λk|
)
(31)
+ i
{
2Dk
∆−k
∂
∂kx
(
Dk
∆−k
)
− 2Ck
∆−k
∂
∂kx
(
Ck
∆−k
)}
,
A−−,k = A++,k,
A−+,k = A+−,k,
which leads to the Zak phase quantized into γ++ =
−γ+− = −γ−+ = γ−− = ±pi irrespective of ky.
Calculation of an energy spectrum As discussed
in the main text, edge states should appear at the end
of the a-direction from an analogy with a coupled SSH
model [44]. To confirm this, an energy spectrum of the
present model is calculated by imposing open boundary
conditions along the a-direction. For simplicity, Fourier-
transformed operators are defined under periodic bound-
ary conditions along the b-direction as
t†αmn =
√
2
Nb
∑
ky
eikyymnt†αmky ,
tαmn =
√
2
Nb
∑
ky
e−ikyymntαmky ,
(32)
where Nb is the number of dimers in a single chain. Sub-
stituting eqs. (32) for eqs. (15) leads to
H = 1
2
∑
ky
∑
α=x,y,z
m†αky
(
J1 + Xky Xky
Xky J1 + Xky
)
mαky ,
(33)
where mαky represents a 4Na (Na ≡ N/Nb) component
vector
mαky ≡ (t1,†αmky , t
1,†
αmky
, · · · , tNa,†αmky , t
Na,†
αmky
,
t1αm−ky , t
1
αm−ky , · · · , tNaαm−ky , tNaαm−ky )T ,
(34)
and 1 is an Na×Na identity matrix. Xky is a 2Na×2Na
matrix defined as
Xky =

0 Jky 0 J
A′ 0 0 · · · 0 0
Jky 0 J
A 0 0 0 · · · 0 0
0 JA 0 Jky 0 J
A′ · · · 0 0
JA′ 0 Jky 0 J
A 0 · · · 0 0
0 0 0 JA 0 Jky · · · 0 0
0 0 JA′ 0 Jky 0 · · · 0 0
...
...
...
...
...
...
. . .
...
...
0 0 0 0 0 0 · · · 0 Jky
0 0 0 0 0 0 · · · Jky 0

,
(35)
where Jky = 2JB cos(kyb/2). The energy spectrum is ob-
tained by diagonalizing the 4Na×4Na matrix in eq. (35)
for each ky. Figure 4b in the main text represents the
energy spectrum with Na = 100, which clearly exhibits a
twofold-degenerate edge state at the energy J . The bulk
excitation spectrum is also consistent with the dispersion
relation given by eq. (3).
